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Note: 
•  Queste immagini, tabelle e testi non sono “dispense”. 
•  Molte di esse sono ottenute da altre fonti, non sempre espressamente citate: il loro uso è strettamente 
limitato alla didattica del corso, con esclusione di qualsiasi altro utilizzo 
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2  
Coordinates  
3  
V.Dhillon, Ph.217, Sheffield Univ.,UK 
Equatorial and Alt-Az Mounts 
4  
Newton’s and Herschel’s optical scheme 
Cassegrain telescope 
scheme 
Nasmith telescope scheme 
Adopted in Alt-Az mounts; gravity 
invariant Nasmith focus 
6  
Angular resolution 
•  PSF (Point Spread Function): spatial (angular) distribution of light 
in the  image of a pointlike source. 
•  FWHM (Full Width Half Maximum)  
Example  PSF of the human eye  (typical)  FWHM ≃ 3 arcmin 
1 arcmin ≃ 6 micron on the  retina 
7  
Resolution ( from: Rorda,Optics)  
 
•  Unresolved 
•  Marginally resolved 
•  Resolved 
8  
Image resolution is limited by: 
•  Diffraction (“last frontier”)  
• Optical aberrations  
•  Defects of optics (deformations, roughness,...)  
•  Variations of the index of refraction (“seeing”)  
•  Image sampling  
9  
PSF of a point source observed through a circular 
aperture  of diameter D 
(Diffraction) 
 Airy disc 
- Radius of first min. α=1.22 λ/
D  
- α encompasses about 84% of 
the total flux. 
- α≃FWHM  
10  
Φaperture 
aapertur
e#
1.22 λ/D  
10 cm  1.2” 
100 cm  0.12” 
2.4 m (HST)   0.05” 
5 m  0.02” 
39 m EELT  0.003” 
FWHM due to sole diffraction 
λ = 0.5μm 
Φ= 40cm#
Φ= 10cm#
11  
Resolution is affected by aberrations & seeing 
FWHM  often worse than  predicted by diffraction  
Chromatic aberration 
13  
Sferical aberration 
Coma 
Astigmatism 
From : Kitchin, Telescopes and Techniques 
Distorsion 
17  
 H. Matisse, The dance, Hermitage 
The geometric distortion of my camera is apparent in the frame 
(pincushion or barrel?)  
Image sampling (“campionamento”)  
19  
Seeing 
•  Resolution in ground based optical/IR telescope is 
limited by the “SEEING”.  
•  Thermal turbulence in the atmosphere perturbs  the 
“local” refraction index of air  
•  Light wavefronts are continuously perturbed 
•  Image FWHM is larger than predicted by diffraction 
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Thermal atmospheric turbulence 
#   jjjj 
Sunlight reaching the ground after passing through the 
exaust air of a powerful cooling system 
 
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Sunlight through thermal turbulence 
Sunlight  
Clear warm air exaust  
22  
again Sunlight trough thermal turbulence 
23  
F1 start (look  at the white and red line down the strip)  
24  
Seeing: a first quantitative approach 
#   Refraction index of air (ground) n = 1+0.000293⋆300/T;  
#   vlight =c/n :  wavefront is “dented” by thermal turbulence   
#   ro (Fried parameter) = size of the wavefront with a phase difference            
Δφ ≲ 1 radiant  ≈ π/3 ........the wavefront is  “almost flat”  
#   FWHM  of the PSF :   ≈  λ /ro radiants (close to diffraction for r0 ≈ D)  
#   in V-R bands ro  ≈ 10-20 cm;    (the larger the better!)  
#   ro∝ λ6/5  (IR better than Optical)  
#   Coherence time: τ0 = 0.3 r0/V.       If r0 =15cm  V=5m/s, τ0 =30 ms 
 
25  
Seeing 
plane wavefront  
distorted wavefront  
main mirror  
mirror with D≃r0  
26  
Seeing and aperture 
•  On very small aperture (f.i. eye) the effect is 
“scintillation” 
• On a 10-30 cm aperture the image shakes.         
See the sequence of images of the lunar crater Clavius on the 
right (Credit : P.Salzgeber, www.salzgeber.at/astro/)  
• With a large aperture (telescope),  long exposures 
result in a broad  PSF (see next slide)  
Thermal turbulence perturbs wavefronts and hence images. 
27 
Long exposures with different seeing 
 
Strehl ratio  
from: V.Dhillon, Ph.217, Sheffield Univ.,UK 
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Natural seeing vs telescope seeing 
Until the ‘80s the 
“telescope seeing” 
was spoiling the 
best natural seeing   
(credit: Sarazin, ESO, 3.6m)  
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Mt. Palomar: a paradigm of old technology telescopes  
•  Dimensions  ~  30 m 
•  Total weight ~ 500 tons 
•  Primary F/3.5 
•  M1 thickness 60 cm 
•  M1 weight 20 ton 
•  Large structure and 
large thermal mass 
31  
Old thick mirrors 
The mirror blank of the 
Mt.Palomar telescope after 
cooling. 
Its thickness (>60cm), 
provides the needed 
stiffness. 
“20 tons of glass to 
maintain in the right shape 
1 gram  of Al” 
32  
Extremely Large Telescopes?  
The previous results shows that in some 
conditions pushing the mirror diameter 
beyond some limit (≈10m) might not be 
cost effective:  
• Severe technical problems 
• High cost (∝D3-4)  
• Small gain in texp or SNR  
ESO VLT 
 Multiple large mirrors/telescopes are (were!) the most effective choice 
(ESO VLT, Keck)  
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 “New Technology”  
#   Short focal length of M1 ( f/2) 
#   Thin and light M1 
#   Active control of M1 
#   Alt-AZ mount 
#   Compact and corotating building 
#   Reduced heat sources 
#   Heat exaust pipes put at distance 
 
 
 
 
 
Make it shorter and  lighter!    
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ESO New Technology Telescope 
•  Passive reduction of the local 
(dome) seeing: small, light 
building, thin meniscus mirror. 
•  Active control of M1 and M2  
At “first light”, in 1989, best  images had 
0.33” FWHM  
Ray Wilson, ESO 
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ESO 3.6m vs. NTT (3.5m)  
36  
TNG  - a slight evolution of NTT 
37 
NTT was a pathfinder for ESO VLT units 
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VLT M1 (meniscus, 8.2m, F/2)  
Thickness 17.5 cm: 
the mirror is “floppy” 
39  
ESO VLT: active control of M1 and M2  
40  
Active optical support for VLT M1  
41  
 Comparison between Mt. Palomar 
and VLT  
M1 8.2m 
M1 5.0m 
Φ =37m  l =29m 
VLT UT Mt. Palomar  
Palomar dome scaled  
to an 8.2m M1  
Φ= 61 m 
St.Peter Rome Φ= 41 m  
42  
Other  approaches to lightweight mirrors:  
Honeycomb (Large Binocular Telescope,..) 
lightweightlightweight  
•  The 
maximum 
size for a 
monolithic  
mirror 
 
Casting the LBT 8.4 mirror  
44 
Mosaic 
•  Bologna, ‘50ies,  
•  Guido Horn d’Arturo  
45  
Keck segmented M1  
footerslide  
 
 
 
 
 
EELT main mirror  segments 
under test  
 
46  
What about “natural” seeing? 
•  “Lightweight” telescopes are cheaper and reduce the “dome 
seeing” through a “passive” approach 
• Then we are left with the “natural” seeing  
Correction through  active compensation of light path differences:  
Adaptive Optics 
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AO: issues 
•   work on spatial cells of dimension ro (or equivalent)  
•  analyze the structure of the wavefront in t << τo 
(i.e. ≈1 millisec, a case of fast photometry!)  
•  change the differential optical path in t<<τo  
•  I will only give you the flavor of the results. 
 
48  
“Sequence” of an adaptive system 
1.  Beam splitting 
2.  Pupil phase sensing (f.i. Shack-Hartmann)  
3.  Phase reconstruction 
4.  “Instructions”  to deformable optics 
5.  Corrected image 
After Before 
50  
Phase sensing (Shake-Hartmann)  
51 
Adaptive M2  
Deformable optics must be “large”:  
adaptive secondary mirrors 
Courtesy of A.Riccardi 
52  
LBT Adaptive M2  
53  
AO in action:  rallenty 
54  
Space vs ground 
HST  LBT with adaptive Secondary 
